Most carbonation models only account for diffusion as the main transport mechanism rather than advection. Nevertheless, in the case of concrete used for underground waste disposal facilities, concrete may be subjected to a high hydrostatic pressure and the surrounding environment may contain a high dissolved CO 2 concentration. Therefore, a combination of diffusion and advection should be taken into account. This is also the case in accelerated carbonation where a high CO 2 pressure gradient is applied in which advection in the gas phase has a significant contribution to the carbonation process. This study aims at developing a model to predict the evolution of the microstructure and transport properties of cement pastes due to carbonation under accelerated conditions in which a pressure gradient of pure CO 2 is applied. The proposed model is based on a macroscopic mass balance for carbon dioxide in gaseous and aqueous phases. Besides the prediction of the changes in transport properties (diffusivity, permeability), the model also enables to predict the changes in microstructure. Data from accelerated tests were used to validate the model. Preliminary verification with experimental results shows a good agreement.
INTRODUCTION
The carbonation process in cement-based materials is a deterioration phenomenon. Carbonation results in a pH decrease. The development of lower alkaline environment accelerates the corrosion of reinforcing bars in concrete because of dissolution of the thin oxide passive layer protecting the steel bars from corrosion (Glasser et al. 2008) . On the other hand, carbonation also results in beneficial effects. It is generally believed that carbonation decreases transport properties and refines pore structure of Portland cement-based materials. However the extent of modification in transport properties and microstructure significantly depends on carbonation conditions and cement types. The reduction of transport properties is the result of the precipitation of carbonation products in the pore structure. This leads to a significant reduction of the total porosity and transport properties. In general, it is thought that the carbonation mechanism is determined by the inward diffusion of CO 2 in normal conditions. Nevertheless, in the case of concrete used for underground waste disposal purposes, concrete is almost fully saturated and subjected to a high hydrostatic pressure and the surrounding environment may contain a high bicarbonate concentration. Therefore, a combination of diffusion and advection should be taken into account when one considers the carbonation mechanism. However, so far as the authors are aware, none of published studies considers the contribution of advection to the carbonation modelling.
A number of models have been proposed based on Fick's law for diffusion. Almost all models relate the carbonation depth with square root of time. However, a sharp front is not always observed. Instead of giving an explicit formula to predict the carbonation depth, a large number of models have been developed in order to solve the carbonation problem numerically (Bary and Sellier 2004; Muntean et al. 2011) . These approaches are mainly based on conservation laws and can capture most important factors influencing the carbonation process. As carbonation of cement-based materials under atmospheric conditions is a slow process; a number of accelerated carbonation methods have been proposed. A common way is to put concrete samples in a controlled chamber with a specific CO 2 partial pressure and an optimized relative humidity (50-70%) to speed up carbonation. An alternative method has been proposed in a companion paper in which a high pressure gradient of pure CO 2 is applied to samples at controlled initial internal relative humidity. Interpretation of such accelerated carbonation experiment requires a 1-D reactive transport model accounting for advective flow as a consequence of the applied CO 2 pressure gradients. Contrary to the existing models, the proposed model accounts for both advective and diffusive transports. Besides the prediction of the carbonation depth, the model also enabled to predict the change in permeability, diffusivity, and porosity due to carbonation.
MODEL DEVELOPMENT
The proposed model was based on a macroscopic mass balance for CO 2 in gaseous and aqueous phases. A simplified solid-liquid equilibrium curve was used to relate the Ca contents in aqueous and solid phases. The model only considers the carbonation of portlandite (CH) and calcium silicate hydrates (C-S-H). Initial hygrothermal conditions were accounted for and their evolutions during carbonation are also considered. It is assumed that the hydration of concrete is not changed when the carbonation process starts. kS is the function accounting for the effect of saturation degree on the intrinsic permeability of gaseous/aqueous phase, respectively. P g and P l [Pa] denote the pressure of gaseous phase and pore solution, respectively The relationships between permeability and saturation degree are expressed by invoking the relation of (van Genuchten 1980) and (Wardeh and Perrin 2006) for the aqueous and gaseous phases, respectively:
Theory
where p [-] and q [-] are empirical coefficients. In order to establish the relationship between permeability and pore structural parameters, we explored well-known Kozeny-Carman relation.
( ) [-] . Both parameters and F s are very difficult to quantify because of the complex pore system of hardened cement paste. However, the lumped term
[-] can be determined with the knowledge of intrinsic permeability, total porosity and specific surface of pores. Numerical calculation of Ω performed on carbonated and reference samples (Phung et al. 2015) shows that the average value of Ω for sound materials is one order of magnitude higher than one for carbonated materials. Therefore, we assume that the lumped term Ω linearly decreases as a function of carbonation degree as follows:
where subscript 0 and c denote for sound and carbonated materials; 0 Ω can be calculated from porosity, specific surface area and intrinsic permeability of reference sample; d c is the carbonation degree (see Section 2.2.1). The () a P β function is introduced to account for the slip effect on gas permeability known as the Klinkenberg effect and is written as:
(9) where is a saturation dependent parameter (Abbas et al. 1999 ) = 3.37 -0.036S [atm] and P a denotes the mean pressure [atm] . We use the empirical formula proposed by to calculate the diffusivity of gaseous CO 2 :
The effective diffusivity calculated in Eq. (10) is actually applied for large pores (molecular diffusion). However, in carbonated/carbonating material, of which the pore size range is shifted to smaller size, Knudsen diffusion should be considered together with molecular diffusion. In this case, the (bulk) effective diffusivity is smaller as reported by (Houst and Wittmann 1994) .
In a simplified approach, we take into account this effect by changing 0 D to may be determined if the gas diffusivity of carbonated cement paste is known. For dissolved CO 2 , we account for the effects of porosity, tortuosity, and saturation degree as the proposed following equation to estimate effective diffusivity of dissolved CO 2 :
where ( 
Eq. (12) was originally developed for sound materials. As carbonation proceeded, the precipitation of calcium carbonate does not only reduce the porosity but also increase the tortuosity. Therefore, with the same porosity drop, the reduction of diffusivity is expected to be faster for carbonation compared to hydration. Experimental results (Phung 2015) shows that the relative diffusivity of carbonated zone is about 70% smaller than the relative diffusivity of sound material with the sample capillary porosity. As a first estimation, Eq. (13) is adapted for carbonating materials as:
( )
The saturation degree is related to the internal relative humidity by combining Kelvin-Laplace equation and van Genuchtens relation (van Genuchten 1980):
where and are experimental fitting parameters.
Evolution of porosity due to carbonation
The change in porosity is estimated by comparing the volume of new products (solid) produced by the carbonation of portlandite and C-S-H. /mol] are molar volumes of portlandite, calcite and C-S-H, respectively. Subscript 0 denotes initial condition. Data for molar volume of C-S-H is still scarce and it is supposed to be stoichiometry-dependent parameter. Recent experimental study (Morandeau et al. 2014) showed that the molar volume of C-S-H is in direct proportion to Ca/Si ratio as:
where 0.02 < < 0.04 [l/mol] . By comparing the porosity of carbonated and uncarbonated samples, we find that = 0.04 [l/mol] gives the best fit. The total porosity of sample during carbonation is simply expressed as follows:
where 0 φ is initial total porosity which is determined experimentally or can be calculated as follows (Hansen 1986 
in which m denotes the degree of hydration. The change in capillary porosity is mainly due to the carbonation of portlandite. However, C-S-H carbonation might partially contribute to the capillary porosity change, especially in accelerated conditions which is expressed by coefficient (01 υ ≤≤) as follows. The value of is set to be 0.5 in this study, which gives a good fit with capillary porosity change determined by MIP. 
Reaction kinetics
As mentioned before, we only take into account the carbonation of CH and C-S-H. Instead of separately modelling the carbonation reactions of CH and C-S-H, we combine both reactions as a single reaction between Ca 2+ (dissolved from CH and C-S-H) and CO 3 2-ions: 
where C k [m 3 /mol.s] is the reaction rate coefficient, which is temperature dependent, expressed via the Arrhenius' equation: can be related to the concentration of dissolved CO 2 by considering the equilibrium of CO 2 in solution. The function () n f SS = (n = 3.7 ) is introduced in Eq. (24) in order to account for the effect of saturation degree on the carbonation reaction rate. The carbonation products are mainly formed surrounding CH/C-S-H which will reduce the reaction rate because CO 2 has to diffuse through the product layer. Therefore, a retardant factor is added into Eq. (24) (1 ) () 
Mass conservation of calcium ion
In the same way as CO 2 , the mass balance equation for total Ca 2+ is given as: The term "carbonation depth" is commonly used to quantify the carbonation of concrete. It is experimentally determined by the de-colouring of phenolphthalein indicator in carbonated zone. The question is how to mathematically define the carbonation depth? In the present study, we combine the carbonation reaction of CH and C-S-H. Therefore, it is logical to relate the carbonation depth to total concentration of Ca in the solid phases. Here we define the carbonation depth as the position at which X Ca percentage of total Ca is carbonated. By comparing with carbonation depth determined by phenolphthalein, it is found that X Ca is roughly 20%. The carbonation degree, d c , is then formulated as:
Evolution of saturation degree during carbonation
As mentioned, the carbonation reactions release water. Therefore, the saturation degree (thereby RH) will change during carbonation. This change can be estimated based on the reactions of CH and C-S-H with CO 2 shown in Eqs. (16) and (17). The calculation of released water for CH carbonation is straightforward. However, for C-S-H carbonation y mol of Ca in C-S-H will release z mol H 2 O. The stoichiometry values of y and z are only slightly different (Allen et al. 2007 ). Therefore, we assume that ratio y/z = 1. It is then possible to calculate the amount of released water, m wr [kg] , based on the change of total Ca in solid phase. 
Finally, the saturation degree can be calculated as:
where V w and V p [m 3 ] are volumes of water and pore in domain Fdx, respectively.
Changes in permeability and diffusivity under saturated condition
The permeability of carbonating material varies along the depth of sample. In order to calculate the composite (or overall) permeability coefficient of the sample, the sample depth is divided into small layer ∆x. The permeability of each layer is assumed to be constant. The series model is applied to calculate the composite permeability. The fluxes in each layer and the overall flux must be the same because each layer is connected together in series. 
(37) where J n , ∆x and ∆p n denote the flux, thickness and pressure gradient of layer n, respectively; k com denotes the composite intrinsic permeability coefficient of the sample. Additionally, the total pressure drop on each layer must be equal to gradient pressure applied on the sample. Therefore, the overall permeability can be derived as:
where k(x) is intrinsic permeability at distance x. With the same approach, the composite diffusivity,
/s], of carbonated materials is written as:
where
/s] is effective diffusion coefficient at distance x.
MODELING RESULTS AND VERIFICATIONS
Experiments were performed on cement pastes with w/c ratio of 0.425. Type I ordinary Portland cement (CEM I 52.5 N) was used. Details of the setup and experimental procedure were described in . A pure CO 2 pressure gradient of 6 bar was applied in order to accelerate the carbonation process. A single carbonation test was performed for a period of 4 weeks. Fig. 1a compares the predicted CO 2 uptake with the measurement. Except for a slight difference at the transition between initial and residual stages, the predicted CO 2 uptakes are in good agreement with the measured ones. In the initial stage, CO 2 uptake rapidly increases but the uptake rate is significantly decreased in the residual stage because of porosity decrease and saturation degree increase. Fig. 1b shows the comparison of predicted portlandite profile with the one obtained by TGA measurements. The predicted value is in line with the measured one. The measured portlandite content at the downstream (not in contact with pure CO 2 ) is relatively smaller than the predicted value. The difference is attributed to the atmospheric carbonation which could occur during sample preparation for carbonation test or/and TGA measurements.
Fig. 2. Reduction of porosity (absolute value) at different carbonation time
The capillary and total porosities relatively decrease due to carbonation as shown in Fig. 2 . The decrease in total porosity can mainly be attributed to the portlandite carbonation. However, in well-carbonated zone (near reacted surface), C-S-H carbonation may contribute up to 45% of total porosity reduction. The average capillary porosity change, determined by MIP up to a depth of 3 mm from the exposed surface, compares well with the predicted capillary porosity change. Permeability of carbonated zone significantly decreases as shown in Fig. 3a . After 4-week carbonation, the alteration in permeability is not significant when carbonation proceeds further. The permeability coefficient decreases 2 orders of magnitude in the zone near the exposed surface. The composite permeability is dominated by the permeability of the carbonated zone despite its limited carbonation depth compared to the sample length. Therefore, a significant decrease in composite permeability is also observed as presented in Fig. 3b . The composite permeability rapidly decreases in the first few days of carbonation. It is then slightly reduced as carbonation proceeds. After 28-day carbonation, the predicted composite permeability is 2.5×10 -21 m 2 which is a bit lower compared to the measurement (3.6×10 -21 m 2 ). The modification of diffusivity over the depth of sample due to carbonation is shown in Fig. 4a . The diffusivity of the carbonated zone is significantly decreased similar to the decrease in permeability. However, the magnitude of the reduction is less pronounced than for permeability. After 4 weeks of carbonation, the saturated Ca diffusivity decreases by a factor of 5 for the zone near the exposed surface which is consistent with the estimation from experimental result (4.92 times (Phung 2015) ). The evolution of composite diffusivity is shown in Fig. 4b . As permeability, the composite diffusivity rapidly decreases in the first few days of carbonation. In the later stage, the diffusivity slightly decreases over carbonation time.
The measured composite diffusivity of dissolved He is decreased by 30% after 28-day carbonation (Phung 2015) , which is quite similar to the predicted Ca diffusivity decrease (27%). Note that the change in diffusion property of Ca and He due to carbonation may be differed from each other because of its differences in molecular size, electrical force and binding effect.
CONCLUSIONS
A one-dimensional reactive transport model coupled advection and diffusion to simulate the carbonation under controlled CO 2 pressure has been developed. The model enables to predict a variety of important parameters including the CO 2 uptake, porosity change and variation of transport properties. The model helps to better interpret the experimental observations and understand the phenomena behind such as the formation of a gradual carbonation front. Primary verification with accelerated carbonation experiments gives a good agreement even though more experimental data is still required to validate and improve the model, especially to better predict the changes in transport properties.
